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(54) A method for boron contamination reduction in IC fabrication 



(57) In order to reduce boron concentration 
between a silicon substrate and an Si or Si^Ge* layer 
which is epitaxially grown in a CVD (chemical vapor 
deposition) apparatus, the silicon substrate is pre- 
treated. before being loaded into the CVD apparatus, 
such as to prevent the substrate from being contami- 
nated by boron in a clean room. Further, in accordance 
with one embodiment, a CVD growth chamber itself is 
cleaned, before the substrate is loaded into the growth 
chamber, using an F 2 gas at a predetermined tempera- 
ture of the substrate, thereby to remove boron residues 
in the growth chamber; 
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Description 

BACKGROUND OF THE INVENTION 

1- Field of the Invention 

The present invention relates generally to semicon- 
ductor device fabrication techniques using ULSI (ultra- 
large-scale integration) technology, and more specifi- 
cally to a method of effectively lowering boron (B) con- 
centration at an interface between an epitaxially grown 
film and the Si substrate surface. Such a film may be a 
Si or Si^Ge* film selectively deposited in an UHV-CVD 
(ultrahigh vacuum/chemical vapor deposition) appara- 
tus using a source gas(es) such as SiH 4> Si 2 H 6 , GeH 4 , 
etc. 

2. Description of the Related Art 

It is known in the art that the selective epitaxial 
growth of Si or Si^Gex on a silicon wafer surface, using 
an UHV-CVD apparatus with a source gas(es) such as 
SiH 4 , Si 2 H 6 , or GeH 4 , has found an extensive applica- 
tion in forming about 0.1 um level of channel epitaxial 
construction in a miniaturized MOS (metal-oxide semi- 
conductor) transistors, next generation's high-speed 
bipolar transistors, etc. 

Before turning to the present invention, it is deemed 
advantageous to describe, with reference to Figs. 1(A)- 
1(C), 2, and 3, conventional techniques relating to the 
present invention. Throughout the instant disclosure, 
term "substrate" is interchangeably used with "wafer". 
Although a high-speed bipolar transistor is referred to in 
this specification, it should be noted that the present 
invention is in no way limited thereto. 

Figs. 1(A)- 1(C) are schematic cross-sectional 
views depicting the fabrication of a high-speed NPN 
bipolar transistor. In brief, a substrate wherein a collec- 
tor portion has been formed as shown in Fig. 1(A), is 
transferred to an UHV-CVD apparatus such as that is 
schematically shown in Fig. 2. In the UHV-CDV appara- 
tus, a Si or Si-|. x Ge x epitaxial base portion is grown on 
the substrate as illustrated in Fig. 1(B). Following this, 
the wafer (or substrate) is removed from the UHV-CVD 
apparatus and an emitter portion is formed on the sub- 
strate in the manner shown in Fig. 1(C). 

The present invention is directed to effective reduc- 
tion of boron contamination (or concentration) at an 
interface between an epitaxially grown film and the Si 
substrate surface. To this end, each wafer is pretreated 
before being loaded into the CVD apparatus, and/or a 
growth chamber of the CVD apparatus is cleaned prior 
to each CVD process. Thus, it will be understood that 
the formation of the emitter portion shown in Fig. 1 (C) is 
not relevant to the present invention. 

Referring to Fig. 1(A), an N + layer 1 0 is grown on an 
P + (100>-oriented Si substrate 12 with resistivity ranging 
from 10 to 20Ocm (for example). Following this, an N' 



epi-layer 14, which functions as a collector, is deposited 
on the N + layer 10. Further, as illustrated in Fig. 1(A), a 
Si0 2 layer 16, a P" poly-Si layer 18, and another Si0 2 
layer 20 are successively formed using conventional 

5 lithography and etching techniques. 

The substrate, which has undergone the above 
processes, is transferred to the UHV-CVD apparatus 
wherein the Si or Si^Ca^x epitaxial base (denoted by 
numeral 22) is selectively grown on the N* epi-layer 14. 

w In this case, inner portions of the poly-Si layer 18 grow 
downwardly as schematically shown in Fig. 1 (B). Sub- 
sequently, the substrate shown in Fig. 1(B) is unloaded 
from the UHV-CVD apparatus, after which a Si0 2 layer 
24 and an N + poly-Si emitter layer 26 are formed, as 

75 shown in Fig. 1(C), using conventional techniques. The 
processes for forming the structure shown in Figs 1(A)- 
1(C) are well known and not directly concerned with the 
present invention, and thus further description thereof 
will be omitted for brevity. 

20 Fig. 2 is a diagram schematically showing one 
example of an UHV-CVD apparatus (denoted by 
numeral 30), which comprises a robotic transfer section 
32, two load-lock chambers 34a and 34b, another 
robotic transfer section 36, and two growth chambers 

25 38a and 38b. The UHV-CVD apparatus 30 per se is well 
known in the art. Other sections such as turbo pumps, 
which are irrelevant to the present invention, are not 
shown in Fig. 2 for the sake of simplifying the disclosure. 
Fig. 2 will also be referred to in the preferred embodi- 

30 ments of the present invention. 

The robotic transfer section 32 comprises a clean 
bench 40 and two substrate transfer robots 42a and 
42b r while the robotic transfer section 36 includes a sim- 
ilar substrate transfer robot 44, 

35 Each of the substrates or wafers, which has been 
processed as shown in Fig. 1(A), is cleaned and then 
disposed in a substrate carry box 46a which is, in this 
case, positioned in a place other than on the clean 
bench 40. This box 46a is then transported to the clean 

40 bench 40, as illustrated in Fig. 2. The precleaned wafers 
contained in the box 46s are loaded on a one-by-one 
basis, using the robot 42a, into the load Hock chamber 
34a. After all the wafers in the box 46a are loaded into 
the load-lock chamber 34a, the chamber 34a is pumped 

45 down to a predetermined pressure. Once the predeter- 
mined pressure is reached, the first wafer in the load- 
lock chamber 34a is introduced, by way of the robot 44, 
into the growth chamber 38a which is dedicated to non- 
doping epitaxial growth. 

so After the epitaxial growth is completed in the cham- 
ber 38a, the wafer is conveyed to another growth cham- 
ber 38b which is dedicated to p-type (viz., B) doping 
epitaxial growth. The reason why the two growth cham- 
bers 38a and 38b are used will be described later. 

55 When the film deposition on the wafer at the chamber 
38b is finished, the wafer is transferred to the load-lock 
chamber 34b. These processes are repeated with each 
of the wafers stored in the load-lock chamber 34a. 
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When all the wafers in the load-lock chamber 34a are 
processed and loaded into the other load-lock chamber 
34b, they are placed into another substrate carry box 
46b by the robot 42b. The wafers in the box 46b are then 
transported to the next wafer process station, wherein 5 
subsequent wafer treatments, such as referred to with 
respect to Fig. 1(C), are implemented. 

Fig. 3 is a flow chart depicting the steps that char- 
acterize the conventional processes which include 
cleaning and CVD processes. In more specific terms, w 
the Si wafers, on which layers or films shown in Fig. 1 (A) 
are formed, are precleaned and then transferred to the 
UHV-CVD apparatus 30 shown in Fig. 2. 

Referring to Fig. 3, at step 50, each Si wafer under- 
goes a dilute HF (hydrofluoric acid) dip in order to is 
remove native oxide formed on the wafer, after which 
the chemicals used in step 50 are removed by water 
washing (step 52). Immediately thereafter, at step 54, 
the wafer is subjected to a well known RCA cleaning 
process using a cleaning solution, NH 4 OH (ammonia)- 20 
H 2 0 2 (hydrogen peroxide)-H 2 0 (pure water), thereby 
removing particles and organic contaminations on the 
wafer. The cleaning with the aforesaid solution is called 
"standard cleaning 1 (SC-1)), at NH 4 OH-H 2 02-H 2 0 
(=1:1:5)(forexample)at60to80°Cfor3to 10 minutes. 25 
Following this, at step 56. the reagents used in step 54 
are washed away using pure water, and the wafer is 
then dried using a spin dryer (step 58). The above men- 
tioned wafer cleaning is carried out with each of a pre- 
determined number of the wafers. Subsequently, the 30 
precleaned Si wafers are accommodated in the box 46a 
(Fig. 2) and transported to the clean bench 40 of the 
UHV-CVD apparatus 30 (Fig. 2). 

The Si wafers in the wafer carry box 46a are then 
successively loaded into the load-lock chamber 34a 35 
(step 60). At step 62, a first wafer in the load-lock cham- 
ber 34a is loaded into the growth chamber 38a by way 
of the wafer transfer robot 44. When the first wafer is 
placed in the growth chamber 38a, the chamber is 
pumped down to a pressure of 1 0" 9 to 1 0 * 1 0 torr. At step 40 
64, the wafer is subjected to a high-temperature treat- 
ment (viz., high-temperature flashing) in the growth 
chamber 38a at more than 900°C for about 5 minutes in 
order to remove the native oxide on the wafer. At step 
66, a temperature of the wafer is lowered to 600-800°C, 45 
after which selective Si or Si^Gex non-doped epitaxial 
growth is carried out on the wafer using a source 
gas(es) selected among SiH 4> Si 2 H 6i GeH 4 . etc. as is 
well known in the art. 

Subsequently, the flow proceeds to step 68 whereat so 
the wafer is transferred to the growth chamber 38b. At 
step 70. a boron<Joped selective Si or Si^Gex epitaxial 
growth is implemented on the wafer, wherein dfcorane 
(B^s) is used as a dopant gas for forming a p-type 
base layer. In the above, the wafer is transferred from 55 
the chamber 38a to the chamber 38b in a vacuum envi- 
ronment thus obviating the need for implementing the 
high -temperature flashing on the wafer in the growth 



chamber 38b. At step 72, the wafer on which the p-type 
base layer has been grown is loaded into the load-lock 
chamber 34b. Thereafter, the next wafer in the load-lock 
chamber 34a is introduced into the growth chamber 38a 
from the load-lock chamber 34a and is subjected to the 
above mentioned processes. At step 74, a check is 
made to determine if all the wafers in the load-lock 
chamber 34a are processed. If the answer to the inquiry 
made at step 74 is affirmative (viz., YES), the flow 
shown in Fig. 3 is terminated. 

The above mentioned known wafer processing 
steps, however, suffer from the problem that the selec- 
tive Si or Si^Ge* epitaxial growth on the wafer undesir- 
ably leaves "boron contamination" at the boundary 
between the epitaxial layer and the substrate surface. 
The boron concentration typically exhibits more than 
1E17 (i.e., 1x10 17 ) atoms/cm 3 at peak concentration 
and 1E12 atoms/cm 2 at sheet concentration. The 
causes of such a high boron concentration are as fol- 
lows. 

(1) Boron is contained in the cleaning solution used 
in the RCA cleaning process. For example, in the 
case where the solution is a composition of Ammo- 
nia-"Hydrogen Peroxide"-"pure waters 1 :1 :5, boron 
in the order of about lOOppt (parts per trillion) is 
present in the above-mentioned standard cleaning 
(SC-1) solution. Thus, when a wafer is subjected to 
the conventional RCA cleaning, boron is undesira- 
bly absorbed into or included in the native oxide. 

(2) In the clean room, the filtered air flows from ceil- 
ing to floor. Such a filter ceiling system includes a 
borosilicate glass ftoer filter such as UPA (ultra low 
penetration air) filter, HEPA (high efficiency particu- 
late air) filter, etc. The descending airflow contains 
boron resulting from the glass fiber filters. Further, 
these filters are unable to successfully strain out 
boron which is contained in the outside (viz., open) 
air which is introduced to the clean room. As a 
result, boron is inherently present in the clean room 
environment. Thus, the boron concentration in the 
SC-1 solution is further enhanced with the result of 
additional boron being taken into the native oxide. 
Still further, during the steps 50, 52, 56, 58 and 60 
(Fig. 3), boron tends to adhere, in the clean room 
environment, to the native oxide developed on the 
wafer. 

(3) Boron which is adhered to the native oxide 
remains on the wafer even if the native oxide is 
removed by the high-temperature flashing in the 
growth chamber. 

The above mentioned high boron concentration at 
the interface between the epitaxial layer and the surface 
of the Si water, undesirably lowers a cut-off frequency of 
a high-speed bipolar transistor, and causes variation of 
the threshold voltage in the case of miniaturized CMOS 
transistors. 
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One approach to reducing the boron contamination 
is disclosed in Japanese Laid-open Patent Application 
No. 4-9751 7. According to this prior art, a wafer which 
has been subjected to the RCA cleaning is treated using 
dilute HF and then cleaned using water whereby boron 5 
is removed as BF 3 . The prior art, however, has encoun- 
tered the difficulty that the surface of the wafer is 
exposed to an ambient clean room atmosphere and 
thus, the wafer is susceptible to organic and/or inor- 
ganic contamination which cannot be removed even by 70 
the high-temperature flashing in the growth chamber. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present to effectively is 
reduce boron concentration between a silicon substrate 
and a Si or Si-|. x Ge x layer which is epitaxially grown in a 
CVD (chemical vapor deposition) apparatus. 

One aspect of the present invention resides in a 
method of reducing boron concentration between a sili- 20 
con substrate and an Si or Si^Ge* layer which is epi- 
taxially grown in a CVD (chemical vapor deposition) 
apparatus, comprising the steps of: (a) cleaning the 
substrate using a solution including a plurality of chemi- 
cals each of which contains boron whose concentration 25 
is less than 50 ppt, the cleaning being implemented 
before the substrate is loaded into the CVD apparatus; 
and (b) processing the substrate in a boron-free isolated 
environment at step (a) and before the substrate is 
loaded into the CVD apparatus. 30 

Another aspect of the present invention resides in a 
method of reducing boron concentration between a sili- 
con substrate and an Si or Si^Ge* layer which is epi- 
taxially grown in a CVD (chemical vapor deposition) 
apparatus, comprising the steps of: (a) ion implanting 35 
silicon atoms into the substrate before the substrate is 
loaded into the CVD apparatus; (b) cleaning the sub- 
strate using a solution including H 2 0 2 before the sub- 
strate is loaded into the CVD apparatus; and (c) 
implementing a high-temperature treatment on the sub- 40 
strate in the CVD apparatus thereby diffusing boron, 
adhered to the substrate, into the substrate. 

Still another aspect of the present invention resides 
in a method of reducing boron concentration between a 
silicon substrate and an Si or Si^Gex layer which is 45 
epitaxially grown in a CVD (chemical vapor deposition) 
apparatus, comprising the steps of: (a) cleaning the 
substrate using a solution including H2O2 before the 
substrate is loaded into the CVD apparatus; (b) remov- 
ing native oxide produced on the substrate at step (a) so 
using a dilute HF before the substrate is loaded into the 
CVD apparatus: (c) immersing the substrate in boiling 
concentrated HNO3 to form native oxide on the sub- 
strate; the immersing of the substrate being imple- 
mented before the substrate is loaded into the CVD ss 
apparatus; and (d) implementing a high-temperature 
treatment on the substrate in the CVD apparatus to dif- 
fuse boron, adhered to the substrate, into the substrate. 



Still another aspect of the present invention resides 
in a method of reducing boron concentration between a 
silicon substrate and an Si or Si V)C Ge x layer which is 
epitaxially grown in a CVD (chemical vapor deposition) 
apparatus, comprising the steps of: (a) cleaning the 
substrate using a solution including H 2 0 2 before the 
substrate is loaded into the CVD apparatus; (b) remov- 
ing native oxide produced on the substrate at step (a) 
using a dilute HF before the substrate is loaded into the 
CVD apparatus; (c) growing thermally oxide on the sub- 
strate using an oxygen gas in a low-pressure atmos- 
phere before the substrate is loaded into the CVD 
apparatus; and (d) implementing a high-temperature 
treatment on the substrate in the CVD apparatus to 
remove the oxide which has thermally been grown on 
the substrate at step (c). 

Still another aspect of the present invention resides 
in a method of reducing boron concentration between a 
silicon substrate and an Si or Si^Gex layer which is 
epitaxially grown in a CVD (chemical vapor deposition) 
apparatus, comprising the steps of: (a) cleaning a CVD 
growth chamber, before the substrate is loaded into the 
growth chamber, using an F 2 gas at a predetermined 
temperature of the substrate, thereby to remove boron 
residues in the growth chamber; (b) implementing a 
high-temperature treatment on the substrate loaded into 
the growth chamber to remove native oxide on the sub- 
strate; and (c) implementing sequentially non-doped 
and boron-doped epitaxial growths on the substrate in 
the growth chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present inven- 
tion will become more clearly appreciated from the fol- 
lowing description taken in conjunction with the 
accompanying drawings in which like elements are 
denoted by like reference numerals and in which: 

Figs. 1(A) to 1(C) are cross-sectional views each 
showing film depositions while forming a high- 
speed bipolar transistor, having referred to in the 
opening paragraphs of the instant disclosure; 
Fig. 2 is a diagram showing a conventional UHV- 
CVD apparatus; 

Fig. 3 is a flow chart which includes steps of part of 

bipolar transistor fabrication; 

Fig. 4 is a flow chart which includes steps which 

characterize the first embodiment of the present 

invention; 

Figs. 5(A) and 5(B) are each showing a clean work 

station used in the f irst embodiment; 

Fig. 6 is a diagram showing a conventional UHV- 

CVD which is equipped with a clean work station 

according to the present invention; 

Fig. 7 is a flow chart which includes steps which 

characterize the second embodiment of the present 

invention; 
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Figs. 8(A) and 8(B) are diagrams which show ther- 
mally grown oxide on the substrate and a manner of 
ion implantation, respectively; 
Figs. 9(A) and 9(B) are each showing a flow chart 
which includes steps which characterize the third 5 
embodiment of the present invention; 
Fig. 10 is a flow chart which includes steps which 
characterize the fourth embodiment of the present 
invention; 

Fig. 11 is a flow chart which includes steps which w 
characterize the fifth embodiment of the present 
invention; 

Fig. 12 is a diagram showing an UHV-CVD used 
with the fifth embodiment; and 

Fig. 13 is a graph which shows the experiments is 
results of the first to fourth embodiments together 
with the prior art. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



so 



A first embodiment of the present invention will be 
described with reference to Figs. 4-6. 

In order to simplify the instant disclosure, it is 
assumed that the silicon substrates (or wafers), on each 25 
of which the layers shown in Fig. 1 (A) has already been 
formed, are cleaned and then transferred to an UHV- 
CVD apparatus (or system) 31 shown in Fig. 6. Further, 
as mentioned above, a Si^Gex (or Si) layer is formed 
on each wafer in the CVD apparatus 31. This CVD 30 
apparatus 31 is identical with the apparatus 30 of Fig. 2 
except that the robotic transfer section 32 is substan- 
tially isolated from the ambient clean room atmosphere. 
Thus, the portions of Fig. 6, which are identical with 
those of Fig. 2, are indicated by the same numerals as 3s 
used in Fig 2. 

As shown in Fig. 4, at step 80, each silicon wafer 
undergoes dilute HF (hydrofluoric acid) dipping in order 
to remove native oxide formed on the wafer. Thereafter, 
the chemicals or reagents used in step 80 are removed 40 
by washing each wafer using water (step 82). Steps 80 
and 82 are essentially identical with steps 50 and 52 of 
Fig. 3, respectively. The wafer is then cleaned, without 
being dried, using "standard cleaning 1 (SC-1) solution" 
of the RCA cleaning process (viz., NH 4 OH-H 2 0 2 -H 2 ) for 45 
removing particles and organic contaminants (impuri- 
ties). The standard cleaning (SC-1) solution is com- 
posed of NH 4 OH-H 2 0 2 -H2 (typically 1:1:5) in this case 
and its temperature is maintained at about 70°C. By the 
way, the solution is also refened to as APM (Ammonia- so 
Hydrogen Peroxide Mixture). It should be noted that 
boron concentration of each of ammonia (NH 4 OH), 
hydrogen peroxide (H 2 0 2 ), and pure water is selected 
to be less than 50ppt. 

Further, the wafer cleaning using the SC-1 solution 55 
is implemented in a clean work station 110 (Figs. 5(A) 
and 5(B)) which is provided in a conventional clean 
room. Reference is now made to Figs. 5A and 5B, which 



are respectively a perspective and cross-sectional 
views of the clean work station 110. In Fig. 5B ( arrows 
indicate air flow. The station 1 1 0 is provided with a clean 
bench 112 therein, on which a container of the SC-1 
solution is placed. More specifically, the clean work sta- 
tion 1 10 is comprised of one or more air intake fans 1 14 
by which air in the clean room is introduced into the sta- 
tion 1 10. Further, the station 1 10 includes a chemical fil- 
ter 1 1 6 which has an effective boron adsorptive power. 
The interior of the clean work station 110 is isolated 
from the clean room by way of a curtain 1 18 of vinyl 
chloride. One side of the curtain 1 18 is provided with a 
zipper or slide fastener 1 20 for the purpose of access to 
the inside of the station 1 1 0. 

Returning to Fig. 4, at steps 86 and 88, the wafers 
are cleaned with water and then dried using a conven- 
tional spin dryer. These wafer treatments are carried out 
on the clean bench 112 within the station 110 shown in 
Fig. 5B. At step 90, the precleaned wafers are accom- 
modated in a wafer carry box filled with nitrogen and 
then transferred to the clean bench 40 of the robotic 
transfer section 32 (Fig. 6). This section 32 is also iso- 
lated from the clean room in order to prevent boron 
traces in the clean room from entering the section 32. 
That is, the robotic transfer section 32 is provided in a 
clean work station similar to that shown in Figs. 5A and 
5B, a manner of wNch is indicated by a bold line 33. In 
this case, it is necessary to provide openings for loading 
the wafers into the load-lock chamber 34a and for 
unloading the wafers into another load-lock chamber 
34b. The above mentioned wafer carry box, which is 
filled with nitrogen, is indicated by 46a' in Fig. 6. 

The silicon wafers in the box 46a' are then succes- 
sively loaded into the load-lock chamber 34a (step 92) 
in a boron-free isolated environment. At step 94, a first 
wafer in the load-lock chamber 34a is transferred into 
the growth chamber 38a by way of the wafer transfer 
robot 44. When the first wafer is placed in the growth 
chamber 38a, the chamber 38a is pumped down to a 
pressure of 10" 9 to 10" 10 torr (for example). At step 98. 
the temperature of the wafer is raised to about 950°C 
and undergoes a high-temperature treatment (viz., 
high-temperature flashing) for about 5 minutes in order 
to remove native oxide on the wafer. Immediately after 
the high-temperature treatment on the wafer is com- 
pleted, the temperature of the wafer is lowered to about 
700°C. At step 98, a non<loped epitaxial Si layer with a 
thickness of about 2000 angstrom (for example) is 
selectively grown on the wafer, as shown in Fig. 1B, 
while flowing a Si 2 H 6 gas into the chamber 38a at a rate 
of 10 seem (standard cm 3 /min). As an alternative, a 
non-doped Si^Gex epitaxial layer may be grown using 
source gases of Si 2 H 6 (or SiH 4 ) and GeK^. 

Subsequently, at step 100, the wafer is transferred 
to another growth chamber 38b. At step 102, a boron- 
doped Si layer is grown on the non-doped layer in the 
chamber 38b using diborane (B^H^ as a dopant gas for 
forming a p-type base layer. In the above, the wafer is 
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transferred from the chamber 38a to the chamber 38b in 
a vacuum environment and thus, there is no need for 
implementing the high-temperature flashing in the 
growth chamber 38b. At step 104, the wafer on which 
the p-type base layer has been grown is leaded into the 5 
load-lock chamber 34b. Thereafter, the next wafer in the 
load-lock chamber 34a is introduced into the growth 
chamber 38a from the load-lock chamber 34a and is 
subjected to the above mentioned processes. At step 
1 06, a check is made to determine if all the wafers in the w 
load-lock chamber 34a are processed. If the answer to 
the inquiry made at step 106 is affirmative, the flow 
shown in Fig. 4 is terminated. 

According to experiments conducted by the inven- 
tors, under the conditions as mentioned above, the peak 75 
concentration of boron at an interface, between the epi- 
taxial layer and the substrate, was 4E1 6 atoms/cm 3 . On 
the other hand, the sheet concentration of boron at the 
same interface was 1E11 atoms/cm 2 . On the contrary, 
in the case where the above mentioned boron isolation 20 
in the clean room was not implemented at steps 84, 86, 
88, 90, and 92, the peak concentration of boron at the 
interface was 3E17 atoms/cm 3 . Further, the sheet con- 
centration of boron at the interface was 1E12 
atoms/cm 2 . These results were obtained using the 25 
above-mentioned secondary-ion mass spectroscopic 
(SIMS) technique and are plotted in Fig. 13. 

Further, as the concentration of boron at the inter- 
face between the epitaxial layer and the substrate can 
effectively be reduced, it is expected to be able to 30 
improve a cutoff frequency of a bipolar transistor to a 
considerable extent. 

A second embodiment of the present invention will 
be described with reference to Figs. 2, 7, 8(A) and 8(B). 
In the second embodiment, the boron isolating means 35 
such as the clean work station 110 of Figs. 5(A) and 
5(B) is not used, 

As in the first embodiment, assuming that the sili- 
con substrates (or wafers), on each of which the layers 
shown in Fig. 1(A) has already been formed, are pre- 40 
treated and then transferred to UHV-CVD apparatus (or 
system) 30 shown in Fig. 2. 

As shown in Fig. 7, at step 200, a thermally grown 
silicon oxide is formed on the substrate using a conven- 
tional process. This thermally grown oxide on the sub- 45 
strate is schematically illustrated by numeral 201 in Fig. 
8(A), and has a thickness of about 200 angstrom (for 
example). At step 202, silicon ions are implanted at the 
conditions of 10 KeV and 1E13 atomes/cm 2 (for exam- 
ple). Fig. 8(B) shows schematically the manner of ion so 
implantation. Further, at step 204. the water is cleaned 
using a dilute HF solution in order to completely remove 
the thermally grown oxide. Subsequently, the wafer is 
subjected to cleaning with water (step 206), cleaning 
using the SC-1 solution (step 208). cleaning with water 55 
(step 210), and drying using a spin dryer (212). all of 
which correspond to steps 82, 84, 86. and 88 of Fig. 4. 
However, as mentioned above, the clean work station 



110 of Figs. 5(A) and 5(B) is not used in the second 
embodiment. That is, the aforesaid steps of Fig. 7 are 
implemented in the clean room environment. Thereaf- 
ter, at step 214. the pretreated wafers are accommo- 
dated in a wafer carry box filled with nitrogen and then 
transferred to the clean bench 40 of the robotic transfer 
section 32 (Fig. 2). It is to be noted that the above men- 
tioned wafer carry box, which is filled with nitrogen, is 
not shown in Fig. 2 but corresponds to the box 46a. The 
silicon wafers in the box 46a are then successively 
loaded into the load-lock chamber 34a (step 216). The 
following steps 218, 220, 222, 224, 226, 228, and 230 
are respectively identical with the steps 94, 96, 98, 100, 
102, 104, and 106 of Fig. 4, and accordingly, further 
description thereof will not be given for simplifying the 
instant disclosure. 

In the above, the process of growing thermal oxide 
at step 200 may be omitted, in the case of which step 
204 is also omitted. 

According to the second embodiment, at step 208, 
native oxide is formed on the substrate white cleaning , 
the wafer using the SC-1 solution. However, boron intro- 
duced into native oxide or adhered to the surface 
thereof during the process at step 208 is diffused in an 
accelerated manner into the substrate while the wafer is 
subjected to the high-temperature flashing at step 220. 
This is because large quantities of interstitial Si atoms 
are produced during the silicon implantation. Further, 
the implant damage is removed at steps 208 and 220. 
For further details of the aforesaid boron diffusion into 
the silicon substrate, reference should be made to, for 
example, a paper entitled "Trap-limited interstitial diffu- 
sion and enhanced boron clustering in silicon" by RA. 
Stolk, et al., App. Phys. Lett. 66(5), 30 January 1995, 
pages 568, 570. 

In connection with the second embodiment, accord- 
ing to experiments conducted by the inventors under the 
conditions as mentioned above, the peak concentration 
of boron at an interface between the epitaxial layer and 
the substrate was 3.5E16 atoms/cm 3 . On the other 
hand, the sheet concentration of boron at the same 
interface was 8E10 atoms/cm 2 . These results were 
obtained using the above-mentioned secondary-ion 
mass spectroscopic (SIMS) technique and are also 
shown in Fig. 13. 

A third embodiment of the present invention will be 
described with reference to Figs. 2, 9(A) and 9(B). In the 
third embodiment, the boron isolating means such as 
the clean work station 1 10 of Figs. 5(A) and 5(B) is not 
used. 

As in the first embodiment, it is assumed that the 
silicon substrates (or wafers), on each of which the lay- 
ers shown in Fig. 1(A) has already been formed, are 
pretreated and then transferred to an UHV-CVD appara- 
tus (or system) 30 shown in Fig. 2. 

As shown in Fig. 9(A), at step 300, the wafer is 
cleaned using a dilute HF solution for removing native 
oxide on the substrate. Subsequently, the wafer is sub- 
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jected to cleaning with water (step 302), cleaning using 
the SC-1 solution (step 304), and cleaning with water 
(step 306), all of which correspond to steps 82, 84, 86, 
and 88 of Fig. 4. However, as mentioned above, the 
clean work station 1 1 0 of Figs. 5(A) and 5(B) is not used 5 
in the third embodiment. That is, the above steps of Fig. 
9(A) are implemented in the clean room environment. 

Thereafter, at step 308, the wafer is again cleaned 
using dilute HF to remove native oxide on the wafer, 
which is produced in step 304, after which at step 310 w 
the water is washed with water to remove the chemicals 
used in the previous step 308. Following this, at step 
312, the wafer is immersed (or cleaned) in boiling or hot 
concentrated HN0 3 (nitric acid) in order to again 
develop native oxide (about 1 5 angstrom in thick) on the 15 
substrate. Thereafter, the wafer is cleaned with water 
(step 314), after which, at step 318, the thickness of the 
native oxide is reduced to about 5 angstrom using dilute 
HF =5 about 1%. At step 320, the wafer is dried using a 
spin dryer. The following steps 322 to 338 are respec- so 
tively identical with the corresponding steps 214 to 230, 
and accordingly, further description thereof will not be 
given for simplifying the instant disclosure. 

Since nitric acid contains no boron, the native oxide 
grown at step 31 2 contains very little boron compared to 25 
the native oxide produced when a wafer is cleaned 
using the SC-1 solution at step 304. Further, the thick- 
ness of the native oxide produced at step 312 is 
reduced and thus, only a thin native oxide layer contain- 
ing almost no boron remains on the substrate and is 30 
removed in the high-temperature flashing in step 328 as 
in the previous embodiments. 

In the above, however, if the thickness of the native 
oxide can be controlled such as to be sufficiently small 
as referred to in connection with step 316, the operation 35 
at step 316 can be omitted, 

In connection with the third embodiment, according 
to the experiment conducted by the inventors under the 
conditions as mentioned above, the peak concentration 
of boron at an interface between the epitaxial layer and 40 
the substrate was 3.0E16 atoms/cm 3 . On the other 
hand, the sheet concentration of boron at the same 
interface was 6E 10 atoms/cm 2 . These results were 
obtained using the above-mentioned secondary-ion 
mass spectroscopic (SIMS) technique and are plotted in 45 
Fig. 13. 

A fourth embodiment of the present invention will 
be described with reference to Figs. 2 and 10. In the 
fourth embodiment, the boron isolating means such as 
the clean work station 1 10 of Figs. 5(A) and 5(B) is not so 
used. 

As in the first embodiment, it is assumed that the 
silicon substrates (or wafers), on each of which the lay- 
ers shown in Fig. 1(A) has already been formed, are 
pretreated and then transferred to an UHV-CVD appara- ss 
tus (or system) 30 shown in Fig. 2. 

Steps 400 to 410 in Fig. 10 are respectively identi- 
cal with steps 300 to 310 of Fig. 9(A) and accordingly, 



these steps will not been described for the cake of brev- 
ity. At step 412, the wafer is dried using a spin dryer. 
Thereafter, at step 414, silicon oxide is thermally grown 
on the substrate using an oxygen gas in a low-pressure 
environment. The subsequent steps 416 to 432 are 
respectively identical to steps 322 to 338 of Fig. 9(A) 
and thus, further description thereof will be omitted for 
simplifying the instant disclosure. 

In the above, the thermal oxide growth is imple- 
mented at less than 20 ton* in a CVD growth chamber. In 
this case, the temperature of the substrate is equal to or 
less than 900°C. Further, the thermally grown oxide has 
a thickness of being equal to or less than 30 angstrom. 

The thermally grown oxide on the substrate under a 
reduced pressure environment contains almost no 
boron. Further, such an oxide is highly compacted in 
structure (viz., compact substance) compared with 
native oxide grown on the substrate due to the cleaning 
using the SC-1 solution and thus, it is difficult that boron 
in the clean room adheres to the oxide grown in step 
414. 

In connection with the fourth embodiment, the 
inventors conducted experiments under the process 
conditions wherein (a) the thermal oxide growth was 
implemented at 10 torr in a CVD growth chamber, (b) 
the temperature of the substrate was kept at 900°C. and 
(c) the thermally grown oxide has a thickness of 20 ang- 
strom. Further, the conditions of the CVD apparatus 
were set as mentioned in the first embodiment. The 
experiment results showed that the peak concentration 
of boron at an interface between the epitaxial layer and 
the substrate was 2.5E16 atoms/cm 3 . On the other 
hand, the sheet concentration of boron at the same 
interface was 5E10 atoms/cm 2 . As in the previous 
embodiments, these results were obtained using the 
above-mentioned secondary-ion mass spectroscopic 
(SIMS) technique and are plotted in Fig. 13. 

Finally, a fifth embodiment of the present invention 
will be described with reference to Figs. 11 and 12. In 
the fifth embodiment, the boron isolating means such as 
the clean work station 1 1 0 of Figs. 5(A) and 5(B) is used 
as in the first embodiment As shown in Fig. 12, the fifth 
embodiment uses only one growth chamber (denoted 
by numeral 39). 

ft is assumed that the silicon substrates (or wafers), 
on each of which the layers shown in Fig. 1(A) has 
already been formed, are pretreated and then trans- 
ferred to an UHV-CVD apparatus (or system) 31 shown 
in Fig. 12. 

In Fig. 11, steps 500 to 512 are respectively identi- 
cal with steps 80 to 92 and accordingly, they will not 
been described for the sake of brevity. At step 514, the 
temperature of the wafer is raised to about 700°C, after 
which the growth chamber 39 is cleaned while flowing 
an F 2 gas (flow rate is 20 seem) for about 5 minutes. 
Accordingly, baron residues (solid) an the inner wall of 
the growth chamber 39 are vaporized as shown below. 
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2B (solid) + 3F 2 (gas) -> 2BF 3 (gas) 

The 2BF 3 gas is evacuated outside the chamber 39. 
After cleaning the growth chamber 39, a first wafer is 
loaded into the chamber 39 from the load-lock chamber 
34a at step 516. The wafer is then subjected to a high- 
temperature flashing in order to remove native oxide 
formed thereon at step 518. Thereafter, at step 520, a 
non-doped epitaxial growth (2000 angstrom (for exam- 
ple)) on the wafer is implemented in the chamber 39. 
Subsequently, at the same chamber 39, a boron-doped 
epitaxial growth (2000 angstrom (for example)) is car- 
ried out on the non-doped layer while flowing Si 2 H 6 and 
(H 2 (1%) + B 2 H 6 (99%)) both at a flow rate of 10 seem. 
When the non- and boron-doped epitaxial growths are 
completed, the wafer is transferred to the load-lock 
chamber 34b (step 522). The flow goes back to step 
514 whereat the next wafer is subjected to the above 
mentioned processes at steps 514 to 522. At step 524, 
a check is made to determine if all the wafers stored in 
the load-lock chamber 34a have been processed. If the 
answer is positive (viz., YES), the routine is terminated. 

In connection with the fifth embodiment, the inven- 
tors conducted an experiment under the aforesaid con- 
ditions. Although not shown in Fig. 13, the experiment 
results showed that the peak concentration of boron at 
an interface between the epitaxial layer and the sub- 
strate was 4E16 atoms/cm 3 . On the other hand, the 
sheet concentration of boron at the same interface was 
1E11 atoms/cm 2 . As in the previous embodiments, 
these results were obtained using the above-mentioned 
secondary-ion mass spectroscopic (SIMS) technique. 

it will be understood that the above disclosure is 
representative of five possible embodiments of the 
present invention and that the concept on which the 
invention is based is not specifically limited thereto, 

Claims 

1 . A method of reducing boron concentration between 
a silicon substrate and an Si or Si^Ge* layer which 
is epitaxially grown in a CVD (chemical vapor depo- 
sition) apparatus, comprising the steps of: 

(a) cleaning the substrate using a solution 
including a plurality of chemicals each of which 
contains boron whose concentration is less 
than 50 ppt. said cleaning being implemented 
before the substrate is loaded into the CVD 
apparatus; and 

(b) processing the substrate in a boron-free 
isolated environment at step (a) and before the 
substrate is loaded into the CVD apparatus. 

2. A method as claimed in claim 1. wherein said 
processing of the substrate at step (b) further 
includes washing the substrate with water, drying 
the substrate, transferring the substrate to the CVD 
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20 



apparatus, and loading the substrate into the CVD 
apparatus.. 

3. A method as claimed in claim 2, wherein said trans- 
ferring of the substrate to the CVD apparatus is 
implemented using a substrate carry box filled with 
nitrogen. 

4. A method as claimed in claim 1. wherein said 
boron-free isolated environment is provided in a 
clean room which contains boron resulting from a 
glass fiber filter. 

5. A method as claimed in claim 4, wherein said trans- 
ferring of the substrate to the CVD apparatus is 
implemented using a substrate carry box filled with 
nitrogen. 

6. A method as claimed in claim 1 , wherein the solu- 
tion for cleaning the substrate at step (a) is com- 
posed of NH 4 OH-H 2 0 2 -H 2 . 



7. A method of reducing boron concentration between 
a silicon substrate and an Si or Si 1 . x Oe x layer which 
25 is epitaxially grown in a CVD (chemical vapor depo- 
sition) apparatus, comprising the steps of: 

(a) ion implanting silicon atoms into the sub- 
strate before the substrate is loaded into the 

30 CVD apparatus; 

(b) cleaning the substrate using a solution 
including H 2 0 2 before the substrate is loaded 
into the CVD apparatus; and 

(c) implementing a high-temperature treatment 
on the substrate in the CVD apparatus thereby 
diffusing boron, adhered to the substrate, into 
the substrate. 



35 



40 



8. A method as claimed in claim 7, wherein said high- 
temperature treatment in step (c) removes native 
oxide, produced on the substrate in an ambient 
dean room atmosphere, during the cleaning of the 
substrate. 



45 9. A method as claimed in claim 7, further comprising 
the steps of: 

(d) thermally growing oxide on the substrate 
before step (a); and 

(e) completely removing the thermally grown 
oxide between steps (a) and (b). 

1 0. A method as claimed in claim 7, the solution used at 
step (b) is composed of NH 4 OH-H 2 0 2 -H 2 . 

11. A method as claimed in claim 7, wherein the sub- 
strate is transferred to the CVD apparatus using a 
substrate carry box filled with nitrogen. 
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12. A method of reducing boron concentration between 
• a silicon substrate and an Si or Si-^Gex layer which 

is epitaxiaily grown in a CVD (chemical vapor depo- 
sition) apparatus, comprising the steps of: 

5 

(a) cleaning the substrate using a solution 
including H 2 0 2 before the substrate is loaded 
into the CVD apparatus; 

(b) removing native oxide produced on the sub- 
strate at step (a) using a dilute HF before the 10 
substrate is loaded into the CVD apparatus; 

(c) immersing the substrate in boiling concen- 
trated HN0 3 to form native oxide on the sub- 
strate, the immersing of the substrate being 
implemented before the substrate is loaded 15 
into the CVD apparatus; and 

(d) implementing a high-temperature treatment 
on the substrate in the CVD apparatus to dif- 
fuse boron, adhered to the substrate, into the 
substrate. 20 

13. A method as claimed in claim 12, further compris- 
ing the step of: 

(e) reducing the thickness of the native oxide, 25 
produced in step (c), using a dilute HF to a pre- 
determined value before the substrate is 
loaded into the CVD apparatus, the dilute HF 
used in step (e) having concentration lower 
than the dilute HF used at step (b). 30 

14. A method as claimed in claim 12, wherein the sub- 
strate is transferred to the CVD apparatus using a 
substrate carry box filled with nitrogen. 

35 

15. A method as claimed in claim 12, the solution used 
at step (a) is composed of NH4OH-H2O2-H2. 

1 6. A method of reducing boron concentration between 

a silicon substrate and an Si or Si^Ge* layer which 40 
is epitaxiaily grown in a CVD (chemical vapor depo- 
sition) apparatus, comprising the steps of: 

(a) cleaning the substrate using a solution 
including H 2 0 2 before the substrate is loaded 45 
into the CVD apparatus; 

(b) removing native oxide produced on the sub- 
strate at step (a) using a dilute HF before the 
substrate is loaded into the CVD apparatus; 

(c) growing thermally oxide on the substrate so 
using an oxygen gas in a low-pressure atmos- 
phere before the substrate is loaded into the 
CVD apparatus; and 

(d) implementing a high-temperature treatment 

on the substrate in the CVD apparatus to ss 
remove the oxide which has thermally been 
grown on the substrate at step (c). 



1 7. A method as claimed in claim 1 6, wherein the ther- 
mal oxide growth at step (c) is implemented at less 
than 20 torr in a CVD growth chamber with the tem- 
perature of the substrate being equal to or less than 
900°C, and wherein the thermal oxide grown at step 
(c) has a thickness of being equal to or less than 30 
angstrom. 

18. A method as claimed in claim 16, wherein the sub- 
strate is transferred to the CVD apparatus using a 
substrate carry box filled with nitrogen. 

19. A method as claimed in claim 16, the solution used 
at step (a) is composed of NH 4 OH-H 2 0 2 -H 2 . 

20. A method of reducing boron concentration between 
a silicon substrate and an Si or Si-(. x Ge x layer which 
is epitaxiaily grown in a CVD (chemical vapor depo- 
sition) apparatus, comprising the steps of; 

(a) cleaning a CVD growth chamber, before the 
substrate is loaded into the growth chamber, 
using an F 2 gas at a predetermined tempera- 
ture of the substrate, thereby to remove boron 
residues in the growth chamber; 

(b) implementing a high-temperature treatment 
on the substrate loaded into the growth cham- 
ber to remove native oxide on the substrate; 
and 

(c) implementing sequentially non<ioped and 
boron-doped epitaxial growths on the substrate 
in the growth chamber. 

21. A method as claimed in claim 20, further compris- 
ing the steps; 

(d) cleaning the substrate using a solution 
including a plurality of chemicals each of which 
contains boron whose concentration is less 
than 50 ppt, said cleaning being implemented 
before the silicon substrate is loaded into the 
CVD apparatus; and 

(e) processing the substrate in a boron-free 
isolated environment at step (d) and before the 
substrate is loaded into the CVD apparatus. 



22. A method as claimed in claim 21, wherein said 
processing of the substrate at step (e) further 
includes washing the substrate with water, drying 
the substrate, transferring the substrate to the CVD 
apparatus, and loading the substrate into the CVD 
apparatus. 

23. A method as claimed in claim 22, wherein said 
transferring of the substrate to the CVD apparatus 
is implemented using a substrate carry box filled 
with nitrogen. 
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24. A method as claimed in claim 21 , wherein said 
boron-free isolated environment is provided in a 
clean room wherein boron resulting from a glass 
fiber filter is contained. 

5 

25. A method as claimed in claim 24, wherein said 
transferring of the substrate to the CVD apparatus 
is implemented using a substrate carry box filled 
with nitrogen. 

w 

26. A method as claimed in claim 21 , wherein said solu- 
tion for cleaning the substrate at step (a) is com- 
posed of NH4OH-H2O2-H2. 
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